CCL19 and CCL21 are endogenous agonists for the seven-transmembrane receptor CCR7. They are equally active in promoting G protein stimulation and chemotaxis. Yet, we find that they result in striking differences in activation of the G protein-coupled receptor kinase (GRK)/ß-arrestin system. CCL19 leads to robust CCR7 phosphorylation and ␤-arrestin2 recruitment catalyzed by both GRK3 and GRK6 whereas CCL21 activates GRK6 alone. This differential GRK activation leads to distinct functional consequences. Although each ligand leads to ␤-arrestin2 recruitment, only CCL19 leads to redistribution of ␤-arrestin2-GFP into endocytic vesicles and classical receptor desensitization. In contrast, these agonists are both capable of signaling through GRK6 and ␤-arrestin2 to ERK kinases. Thus, this mechanism for ''ligand bias'' whereby endogenous agonists activate different GRK isoforms leads to functionally distinct pools of ␤-arrestin.
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CCR7 ͉ CCL19 ͉ CCL21 ͉ chemokine ͉ arrestin T raditional agonists of seven-transmembrane receptors (7TMRs) lead to the simultaneous activation of G proteinand ␤-arrestin-dependent signaling pathways through a series of broadly conserved biochemical steps (1) . Receptor activation promotes the dissociation of heterotrimeric G proteins into free G ␣ and G ␤ ␥ subunits and subsequent second messenger signaling. Agonist-activated 7TMRs undergo phosphorylation by G protein-coupled receptor kinases (GRKs), and this promotes the binding of ␤-arrestins (2). ␤-Arrestins desensitize 7TMR-mediated G protein signaling at several mechanistic levels including direct steric hindrance of the receptor by ␤-arrestin attachment (3), recruitment of 2nd messenger-degrading enzymes (4, 5) , and by acting as a scaffold for proteins that facilitate receptor internalization (6) .
␤-Arrestin binding also initiates additional signaling programs through coordinated recruitment of signaling intermediates to activated receptors. For instance, ␤-arrestin-dependent signaling to MAP kinase has been extensively characterized and is demonstrable for many 7TMRs (7, 8) . Proteomic approaches predict an ''interactome'' of hundreds of additional binding partners (9) .
Recently, ''␤-arrestin-biased'' synthetic ligands have been described for the angiotensin 1A receptor (10), ␤ 2 -adrenergic receptor (␤2AR) (11, 12) , and parathyroid hormone receptor (13) . These ligands each cause receptor phosphorylation and ␤-arrestin-mediated effects in the absence of G protein activation. The mechanism of ligand bias is poorly understood although biophysical studies suggest that agonists and receptors oscillate among multiple conformations, some of which may be capable of differential signaling (14, 15) .
Given the complexity of ␤-arrestin function, the traditional concept of GRKs as redundant kinases is likely overly simplistic. GRKs 2, 3, 5, and 6 are ubiquitously expressed. The extent to which they provide redundancy versus functional specialization is largely unknown, but evidence for the latter has recently emerged in some receptor systems. For instance, GRK5/6 appear to be uniquely required for ␤-arrestin-mediated MAP kinase signaling (16, 17) .
The chemokine receptor CCR7 is particularly important for immune responses requiring the coordinated interaction of various cell types within lymphoid tissues (18, 19) . It is unique for its high expression on mature, naïve T lymphocytes and is vital for homeostatic recirculation of these cells through secondary lymphoid tissues. CCR7 has two endogenous ligands, CCL19 and CCL21, which have evolved from a series of complex gene duplications and retain 32% amino acid sequence homology (20) (21) (22) . They are predicted to be structurally similar except that CCL21 has a conserved motif consisting of an additional 37 amino acids at its C terminus (23) . CCL19 and CCL21 have been shown to have similar binding affinities (K d Ϸ100 pM), equal efficacy for G protein activation, calcium flux, and chemotactic responses (20) (21) (22) (24) (25) (26) ). Yet, some signaling characteristics appear to be unique to CCL19-activated CCR7. For instance, CCL19 but not CCL21 is reported to lead to receptor desensitization (20) , internalization (27, 28) , receptor degradation (29) , and rapid dendrite extension (30) . Recently, Kohout et al. (31) have reported that CCL19 but not CCL21 also leads to receptor phosphorylation and ␤-arrestin recruitment. Here, we examine the role of individual GRKs in orchestrating the differential signaling of CCR7 with particular emphasis on ␤-arrestinmediated functions.
Results
Gi/o Protein Signaling. CCL19 and CCL21 have been shown to have equal binding affinities for CCR7 and equivalent efficacy and potency for the activation of the G i/o subfamily of G proteins (21, 24, 25) . To confirm this in live cells, we designed an assay to study G i/o -mediated inhibition of adenylate cyclase by using the cAMP biosensor ICUE2 (32, 33) . Human embryonic kidney (HEK) cells stably coexpressing CCR7 and ICUE2 were treated with forskolin (50 M) in the absence or presence of saturating concentrations of CCL19 (100 nM) or CCL21 (100 nM). Forskolin stimulation results in a large decrease in ICUE2 FRET, indicating an increase in intracellular cAMP concentration (Fig.  1A) . Coincubation of forskolin with either CCR7 ligand led to a blunted response indicative of simultaneous G i/o signaling. There was no difference between CCL19 and CCL21 for the inhibition of forskolin responsiveness, indicating that these ligands have comparable efficacy for G i/o signaling. 
CCR7 Phosphorylation and ␤-Arrestin2
Recruitment. The ability to undergo agonist-induced phosphorylation is a hallmark of 7TMRs and an important, proximate indicator of GRK function. To compare CCL19 and CCL21 for bulk receptor phosphorylation, we analyzed the incorporation of 32 P i into CCR7-FLAG after 10 min of stimulation. CCL19 (100 nM) led to robust CCR7 phosphorylation (Fig. 1B) , whereas CCL21 (100 nM) mediated a much smaller but consistent level of CCR7 phosphorylation (21.6 Ϯ 6.1% of that induced by CCL19).
Next, we sought to compare ␤-arrestin2 recruitment with CCR7 in response to CCL19 and CCL21. Live HEK cells stably expressing CCR7-CFP and ␤-arrestin2-YFP were stimulated with 100 nM CCL19 or 100 nM CCL21, and the time course of ␤-arrestin recruitment to the receptor was analyzed by FRET (Fig. 1C) . CCL19 promoted a robust interaction between the receptor and ␤-arrestin2 whereas the effect of CCL21 was weak by comparison.
Taken together, these findings demonstrate that CCL21 is, in fact, a biased ligand with equivalent efficacy for G proteinrelated activity but differential activation of the GRK/␤-arrestin system. Although differences in receptor phosphorylation can be the result of either kinase or phosphatase activity, in this case the proximate step in the differential activation of the GRK/␤-arrestin system appears to be unequal kinase activity. Importantly, however, we found that the bias between CCR7 ligands is not absolute, and CCL21 did lead to detectable bulk phosphorylation and ␤-arrestin recruitment.
␤-Arrestin2 Trafficking and Desensitization. ␤-Arrestin recruitment to 7TMRs generally occurs in one of two patterns (34) . ''Class A'' recruitment leads to ␤-arrestin2-GFP-forming puncta at the cell membrane. In contrast, ''class B'' receptors traffic with ␤-arrestin2-GFP into early endosomes. To compare the two ligands for their pattern of ␤-arrestin2 recruitment, HEK cells were transfected with CCR7 and ␤-arrestin2-GFP. Cells were stimulated with CCL19 (100 nM) or CCL21 (100 nM) for 60 min, and live cells were visualized by confocal microscopy. Approximately 60% of GFP-expressing cells showed ␤-arrestin2-GFP redistribution after treatment with CCL19. This ␤-arrestin trafficking in response to CCL19 was observed exclusively as a class B pattern ( Fig. 2A) . In contrast, stimulation with CCL21 resulted in no evident redistribution of ␤-arrestin2-GFP, neither class A nor class B, suggesting that this interaction is even more transient than that typically seen for class A receptors.
␤-Arrestin recruitment classically leads to agonist-induced receptor desensitization. To compare the CCR7 ligands for their ability to induce desensitization, HEK cells stably expressing CCR7 and ICUE2 were preincubated with CCL19 (100 nM) or CCL21 (100 nM) for 60 min. Cells were then washed, and G i/o activity was assessed by restimulation with CCL21 (100 nM) and forskolin (50 M). We found that preincubation with CCL19 leads to complete desensitization of CCR7 toward subsequent G protein activation (Fig. 2B ). In contrast, desensitization was not observed after preincubation with CCL21.
␤-Arrestin2-Mediated MAPK Signaling. In addition to desensitization, ␤-arrestins also function as scaffolds to facilitate signaling pathways such as ERK activation. Next, we sought to compare CCL19 and CCL21 for their ability to activate MAP kinase in a ␤-arrestin-dependent fashion. Similar to other G i -coupled receptors, we find that CCR7-mediated ERK activation is ablated by preincubation with pertussis toxin (Fig. S1) . Thus, G protein activation appears to be a prerequisite for MAP kinase signaling. CCR7 mediated ERK is also highly dependent on ␤-arrestins (Fig. 3) . Activation of ERK was dependent on ␤-arrestin2 and was opposed by ␤-arrestin1 expression. This is a pattern of ␤-arrestin dependence consistent with other similarly studied 7TMRs such as the angiotensin 1A receptor (7, 35) . Surprisingly, we did not observe differential ␤-arrestin-mediated phospho-ERK between CCL19 and CCL21. This was unexpected in light of the preferential GRK/␤-arrestin activation seen with CCL19. This led us to investigate further the proximate steps of CCR7 signaling to determine the contribution of individual GRK isoforms for CCR7 phosphorylation, ␤-arrestin recruitment, and ␤-arrestinmediated signaling.
GRK Specificity for CCR7 Phosphorylation. Next, we examined the effect of individual GRKs on CCR7 phosphorylation. HEK cells stably expressing CCR7-FLAG were transfected with control siRNA or siRNA specific for GRK2, GRK3, or GRK6. (GRK5 expression could not be assessed reliably by using available antibodies.) The effect of siRNA on the expression of individual GRKs was specific and typically resulted in Ͼ90% reduction in protein expression (Fig. 4A) .
Agonist-induced receptor phosphorylation in response to CCL19 (100 nM) and CCL21 (100 nM) was measured by analyzing the incorporation of 32 P i into CCR7-FLAG after 10 min of stimulation (Fig. 4B) . We found that loss of GRK2 did not have an appreciable effect on either CCL19-or CCL21-mediated phosphorylation. In contrast, GRK3 siRNA led to a significant reduction in CCL19-mediated phosphorylation, but there was no loss of CCL21-mediated phosphorylation. Surprisingly, loss of GRK6 led to a significant reduction of phosphorylation in response to both CCL19 and CCL21 and in fact ablated phosphorylation induced by CCL21.
GRK Specificity for ß-Arrestin Recruitment. Next, we determined the effect of individual GRKs on agonist-induced ␤-arrestin recruitment by FRET. HEK cells stably expressing CCR7-CFP and ␤-arrestin2-YFP were transfected with control siRNA or siRNA specific for GRK2, GRK3, or GRK6. Cells were then stimulated with CCL19 (100 nM) or CCL21 (100 nM), and the recruitment of ␤-arrestin2 to CCR7 was measured by FRET (Fig. 4C) . Loss of GRK2 had no appreciable effect on either CCL19-or CCL21-mediated ␤-arrestin recruitment. ␤-Arrestin recruitment in the absence of GRK3 after CCL19 stimulation was reduced, whereas that after CCL21 stimulation was not. The absence of GRK6 resulted in reduced ␤-arrestin recruitment to both CCL19 and CCL21.
These data are striking in that they demonstrate that CCL19 and CCL21 activation leads to differential GRK specificity for the activated CCR7. Therefore, the differential bulk phosphorylation and ␤-arrestin recruitment between CCR7 ligands is not caused by a general preference of GRKs for the CCL19-activated receptor. Rather, GRK3 is differentially active in response to CCL19 whereas GRK6 activity is observed in response to either ligand.
GRK6 but Not GRK3 Is Necessary for MAPK Signaling.
We next sought to test directly whether GRK isoforms can specifically promote ␤-arrestin2-dependent MAP kinase in a nonredundant fashion. HEK cells expressing CCR7 were treated with GRK-specific siRNAs, stimulated with CCL19 (100 nM) and CCL21 (100 nM), and ERK activation was determined by immunoblotting.
We found that the activation of ERK in response to CCR7 stimulation is highly dependent on GRK expression (Fig. 5) . GRK6 inhibition led to nearly complete loss of ERK activation in response to either CCL19 or CCL21. Yet, EGF-stimulated ERK was preserved in these cells treated with GRK6 siRNA (Fig. S2) .
Overall, this data is consistent with our earlier findings that the ligands of CCR7 both lead to similar GRK6-dependent CCR7 phosphorylation, GRK6-dependent ␤-arrestin recruitment, and ␤-arrestin-dependent MAP kinase signaling. In addition, we observed that loss of GRK2 or GRK3 led to increased P-ERK in response to CCL19. Whether this is because of unopposed GRK6 activity or implies a negative regulatory function by these enzymes is unknown. These data provide further evidence that GRK3 and GRK6 are not functionally redundant enzymes and only the latter leads to MAP kinase signaling.
Discussion
The purpose of this study was to investigate the differential activation of the GRK/␤-arrestin system by the endogenous ligands of CCR7. We found that CCL19 behaves as a traditional agonist, leading to robust agonist-induced G protein activation, CCR7 phosphorylation, ␤-arrestin recruitment, desensitization of CCR7, and ␤-arrestin2-dependent activation of MAP kinase. In contrast, activation of CCR7 by CCL21 leads to equivalent G protein activity but markedly less bulk phosphorylation and ␤-arrestin2 recruitment. Thus, these results agree in principle with those of Kohout et al. (31) and suggest that CCR7 ligands are indeed natural biased agonists. 3 . CCL19 and CCL21 lead to ß-arrestin2-dependent MAP kinase. HEK-293 cells stably expressing CCR7 were transfected with either control siRNA or siRNA specific to ß-arrestin1, ß-arrestin2, or both ß-arrestins. ß-Arrestin expression was determined by immunoblotting. Cells were serum starved for 2 h and then stimulated with 100 nM CCL19 or 100 nM CCL21 at 37°C for 5 min. Lysates were prepared, separated by SDS/PAGE, and immunoblotted for phospho-ERK and total ERK. Phospho-ERK levels were normalized to total ERK levels and expressed as a percentage of CCL19-mediated ERK. Statistical significance was determined by paired two-tailed t tests. * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001.
CCL21 contains an extra 3-kDa motif at its C terminus that is conserved in both mouse and humans (20) (21) (22) (23) (24) . This motif could account for the differential signaling described here by a variety of mechanisms, including tethering CCL21 to extracellular glycosaminoglycans or by differentially inducing ligand oligomerization. Alternatively, because the amino acids of the N terminus of CCL19 have been shown to regulate receptor activation (36) (37) (38) , subtle differences in the primary structure in this region may account for differential signaling. Thus, additional studies using chimeric ligands could test the relative importance of these motifs for CCR7 ligand bias.
In contrast to Kohout et al. (31) , however, we find that CCR7 ligand bias is not absolute. Although weak relative to CCL19, CCL21 does lead to CCR7 phosphorylation and ␤-arrestin recruitment.
Next, we tested the functional consequence of this modest GRK/␤-arrestin activation by CCL21 compared with CCL19. Although CCL21 was incapable of causing desensitization, it was fully capable of activating ␤-arrestin-dependent ERK. This apparent paradox led us to investigate the effects of individual GRKs on CCR7 signaling. Specifically, we sought to use this system to address two interrelated issues pertaining to GRK redundancy. The first question is whether substrate specificity exists among the ubiquitously expressed GRKs for CCR7 phosphorylation. The second is whether GRK isoforms that are specific for a receptor differentially affect the eventual function of ␤-arrestin.
Discovery of GRK Bias. We inhibited the expression of individual GRK isoforms with siRNA to determine the relative contributions of each kinase to CCL19-and CCL21-mediated CCR7 phosphorylation. GRK2 did not phosphorylate CCR7 in response to either ligand despite robust expression in HEK-293 cells. However, loss of GRK3 leads to a substantial reduction in bulk receptor phosphorylation and ␤-arrestin recruitment but only in response to CCL19, and not CCL21. However, GRK6 was active in response to either ligand and contributed equally to bulk phosphorylation in response to CCL21 and CCL19. Therefore, despite similar G i/o protein activation with these ligands, GRK3 activity is unique to CCL19 and leads to additional bulk phosphorylation and ␤-arrestin recruitment. Conversely, GRK6 is catalytically active in a relatively unbiased manner for each of these ligands. Thus, we found marked GRK specificity for activated CCR7, but also biased GRK utilization by its endogenous ligands. Differential GRK phosphorylation despite equal Fig. 4 . Differential phosphorylation and ␤-arrestin recruitment by CCL19 and CCL21 are caused by strict specificity and bias among GRK isoforms for activated CCR7. (A) HEK-293 cells stably expressing CCR7-FLAG or CCR7-CFP/ß-arrestin2-YFP were transfected with control siRNA or siRNA specific for GRK2, GRK3, or GRK6. A representative immunoblot showing the effect of siRNA on GRK expression is shown. (B) Agonist-induced phosphorylation for each condition is expressed as a percentage of CCL19-mediated phosphorylation in control siRNA-treated cells. The mean Ϯ SE from four to nine independent experiments is represented by the bar graph and demonstrates the effect of GRK expression on CCR7 bulk phosphorylation. (C) Cells were stimulated with 100 nM CCL19 or 100 nM CCL21, and the recruitment of ß-arrestin2 was measured by FRET and normalized to CCL19 responses in control transfected cells. The bar graft shows the effect of GRK expression on the integrated FRET response after 10 min in response to each ligand. Data represent the mean Ϯ SE from three to eight independent experiments, each done in duplicate. Statistical significance was determined by paired two-tailed t tests. * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001).
Fig. 5.
MAP kinase signaling by both CCL19 and CCL21 is highly dependent on GRK expression. HEK cells stably expressing CCR7 were transfected with control siRNA or siRNA specific for GRK2, GRK3, or GRK6. Cells were serum starved and then stimulated with 100 nM CCL19 or 100 nM CCL21 at 37°C for 5 min. The bar graph shows the effect of GRK expression on CCL19-and CCL21-mediated ERK activation. Data represent the mean Ϯ SE from three independent experiments. Statistical significance was determined by paired two-tailed t tests. *, P Ͻ 0.05.
G protein activation, as observed here by CCR7 ligands, provides a mechanism of ligand bias. We speculate that other examples of GRK and ␤-arrestin bias by endogenously expressed ligands will emerge, particularly among promiscuous receptors.
GRK Isoforms Determine ␤-Arrestin Function. The GRK specificity and bias of CCR7 is an attractive system to compare the functional consequences of individual GRKs. Thus, we sought to determine whether GRKs differentially affected ␤-arrestin activity. We found that total ␤-arrestin recruitment, as measured by FRET, approximately correlated with the extent of bulk phosphorylation. However, assays of ␤-arrestin function did not correlate directly with these bulk phosphorylation responses. For instance, although both GRK3 and GRK6 lead to ␤-arrestin recruitment in response to CCL19 activation of the receptor, only the loss of GRK6, but not GRK3, abrogated MAP kinase signaling. Yet, although CCL21 mediated receptor phosphorylation, ␤-arrestin recruitment, and was fully sufficient for ␤-arrestin-dependent MAP kinase signaling, it did not induce desensitization. Thus, desensitization and ␤-arrestin-mediated signaling are not activated proportionately to each other, but instead are promoted independently by GRK3 and GRK6, respectively.
The effects of GRK bias observed in this study add important insight to our understanding of ␤-arrestins as multifunctional proteins. An expanding number of ␤-arrestin binding partners and cellular functions have been identified. Yet, less is known about how these processes are coordinated at the molecular level. The data presented here reveal that 7TMRs are capable of a remarkable degree of GRK specificity, even in response to ligands with equivalent G protein responses. These data also highlight the emerging concept that the functions of ␤-arrestins may be prespecified by the particulars of the GRK-receptor interaction. Thus, individual GRK isoforms may lead to functionally distinct pools of ␤-arrestin, presumably by virtue of phosphorylating distinct sites on the receptor. These GRK-specific phosphorylation patterns may establish a ''bar code'' of sorts that instructs the ␤-arrestin partners as to which functions to perform, i.e., which conformation to adopt.
Although chemokines were discovered for their shared structural and functional features, unique properties of individual chemokines have emerged as well. This study expands our appreciation of the complex specialization of these ligands. The ligand bias of CCR7 appears to give tissues the ability to control the balance of distinct ␤-arrestin-dependent functions within infiltrating immune cells based on the relative concentration of CCL19 and CCL21 in the extracellular milieu. Leukocytes may in turn have varied responses according to their cellular GRK profile. Thus, this study reveals a mechanism of biased agonism and shows that ligands are able to engage the GRK/␤-arrestin system selectively with more precision and functional distinction than previously appreciated.
Experimental Procedures
Materials. Human CCL19 and CCL21 were purchased from R&D Systems. 125 I-labeled CCL19 was obtained from PerkinElmer. Cell culture supplies, anti-FLAG beads, and forskolin were from Sigma. Anti-phospho-MAPK p42/44 antibody was purchased from Cell Signaling Technology. Anti-MAPK p44 antibody was from Upstate. GeneSilencer was from Gene Therapy Systems. Chemiluminescent detection was performed with SuperSignal West Pico reagent (Pierce).
Plasmids and Cell Culture. CCR7-FLAG has been described in ref. 31 . ␤-Arrestin2-mYFP has been described in ref. 39 . CCR7-mCFP was generated by PCR amplification of human CCR7 containing a diglycine linker in place of the stop codon, flanked by HindIII and XhoI restriction sites. This product was then subcloned into the pcDNA3.1-mCFP vector. CCR7-pTRE2-hyg was generated by PCR amplification of human CCR7, flanked by BamHI and SalI sites. This product was then subcloned into pTRE2-hyg (Clontech). All plasmids were amplified in bacteria, kit purified (Qiagen), and validated by capillary electrophoresis sequencing.
Cell Culture. HEK-293 cells were purchased from American Type Culture Collection and maintained in minimum essential Eagle's medium (Sigma) plus 10% (vol/vol) FBS (Sigma) and 1% (vol/vol) penicillin/streptomycin (Sigma). Cells were transfected with FuGENE 6 (Roche Applied Science) according to the manufacturer's instructions. Where applicable, G418 (500 g/mL; Sigma), hygromycin (250 g/mL), or zeocin (300 g/mL; Invitrogen) was added for selection and maintenance of stable clones.
siRNA Transfection. Chemically synthesized double-stranded siRNA duplexes (with 3Ј dTdT overhangs) were purchased from Xeragon and transfected as described (16, 17, 40) . The siRNA sequences used in this study have been validated elsewhere (13, 16, 35, 40) .
ICUE2 cAMP Assay.
The cAMP biosensor ICUE2 assay was performed as described (32, 33) . HEK-293 cells stably expressing CCR7-pTRE2-hyg and ICUE2 were stimulated with 50 M forskolin in the presence or absence of 100 nM CCL19 or 100 nM CCL21. cAMP accumulation was measured as the percentage change in ICUE2-corrected FRET.
CCR7 Phosphorylation. HEK-293 cells stably expressing CCR7-FLAG were labeled with 32 Pi and stimulated at 37°C for 10 min with 100 nM CCL19 or 100 nM CCL21. CCR7-FLAG was immunoprecipitated, separated by SDS/PAGE, and analyzed by phosphorimaging as described (39, 41) . Basal phosphorylation was subtracted from agonist-induced phosphorylation, and each condition was then expressed as a percentage of the CCL19-mediated response. When done in conjunction with siRNA transfection, CCR7 surface expression was measured by radioligand binding by using 125 I-labeled CCL19 to ensure that equal amounts of receptor were added for immunoprecipitations.
CCR7/␤-Arrestin2 FRET. HEK cells stably expressing ␤-arrestin2-YFP and CCR7-CFP were stimulated at 37°C, and ␤-arrestin2-YFP recruitment by FRET was determined as described in ref. 39 .
␤-Arrestin2-GFP Redistribution. HEK cells were transiently cotransfected with CCR7-FLAG and ␤-arrestin2-GFP at a ratio of 5:1 by using FuGENE 6 according to the manufacturer's instructions. Cells were split and grown on dishes containing glass coverslips. Cells were stimulated with 100 nM CCL19 or 100 nM CCL21 for 60 min and imaged by confocal microscopy as described in ref. 41 . ERK Activation. HEK cells stably expressing CCR7-pTRE2-hyg were grown at low confluence and split to coated 24-well plates. Cells were serum-starved for 2 h and stimulated with 100 nM CCL19 and 100 nM CCL21 for 5 min at 37°C, washed, harvested directly into 4ϫ SDS sample buffer, and analyzed by immunoblotting after SDS/PAGE.
